In investigating sequence variants in a family of highly repeated rat DNA, we needed to search the consensus sequence of the repeat unit of this family for short sequences which would become, with one base change, recognition sites for various restriction endonucleases. To do this, we have designed a pair of programs to search DNA sequences of any length for sets of related short sequences, allowing user-specified mismatches in the short sequence. Since putative regulatory regions are generally short sequences, these programs are also useful for locating all possible versions of such sequences in any given DNA. We describe the programs, and present results of searches using the programs.
INTRODUCTION
In using restriction enzyme analysis to study the evolution of sequence variants in the highly repeated rat DNA family, satellite I (1), we wished to determine the sites at which the change of a single base pair (bp) would produce a restriction site not present in the consensus sequence. This presented us with the problem of detecting sets of closely related short sequences in the consensus sequence.
Several commonly used programs for determining homology between DNA sequences (2-4) are, for different reasons, not suitable for detecting entire sets of related short sequences in a long DNA sequence. For example, the "SEQ" program (2) misses all related short sequences that differ by a single base pair in any of the first three locations. A recent modification to another program (3) will allow mismatches in these positions, but the length of the short sequences is limited to 4 or 6 bp, the positions of the mismatches may not be specified, and the number of mismatches is limited to 0, 1, or 2.
We designed two programs which together search sequences of unlimited length (see Program section) for short sequences up to N bases in length (where N Is a function of the computer used) (see Data Format section).
With a single execution of each program, the user can search one or more sequences of any length for one or more short sequences. The user specifies either the number of mismatches (from 0 through N) or the positions of the mismatches allowed in each short sequence.
The utility of detecting sets of related short sequences in a long DNA sequence is not limited tc determining potential restriction enzyme sites.
Adams and Rothman (5) have shown that the number of times most short sequences appear in a given DNA sequence is almost never what would be predicted on a random basis. Therefore, to assess the significance of a particular short sequence in a given DNA sequence, it is Important to know how often the short sequence and closely related sequences (those identical to it except for 1 mismatch) are present throughout the DNA sequence.
We present here a brief description of the programs and the results of two representative uses of them.
PROGRAMS
A two-step algorithm is used for finding short sequences in long sequences.
Two programs which each perform part of this algorithm are described, as well as two programs which may be used in conjunction with the first two. All are written in standard Pascal (6) . Documented listings of copies may be obtained by writing to the authors.
The Pascal User Manual and Report (6) defines "file" as "a structure consisting of a sequence of components which are all of the same type." Files are the main data structures used in these programs. Most computers impose a maximum size on internally-stored matrices, but allow files of virtually infinite length (for example, on the DEC-10 at the National Institutes of Health, a matrix containing 240,000 characters is too large to fit in main memory, yet all of the vertebrate sequences from the Los Alamos Data Bank fit in one file with room to spare). Creating and storing "dot matrices" on files allows searching sequences of virtually infinite length. Since the search method consists of creating and examining files, the maximum length of the short sequences is determined by the number of files that can be used during program execution (see Data Format section). Search complexity and memory space required are the same, regardless of the lengths or number of sequences being searched. The computer time required for locating a short sequence in a long sequence is in direct proportion to the product of the lengths of the sequences.
The first program, DOTMAT (for "Dot Matrix Generator"), takes two input files containing sequences in the format described below, and produces an output file containing "dot matrices" similar to these described by Needleman and Wunsch (7) or Novotny (8) . All sequences in one input file are plotted against all sequences in the other input file, generating a "dot matrix" for each pair of sequences with the short sequence plotted horizontally and the long sequence plotted vertically. Each "dot matrix" contains a dot wherever the two sequences match, and a blank where they do not match. Since the "dot matrices" are formed one row at a time in the output file, no matrix is stored in memory at any time during the program execution.
The second program, SHRTSQ (for "Short Sequence Search"), takes an input file containing output from the program DOTMAT and user-specified search information (such as the number of mismatches allowed, etc.), and produces an output file showing the locations and number of times each short sequence was found in each long sequence. Restriction enzymes produce characteristic digestion patterns in satellite DNAs (10) . Enzymes whose sites are present in most family members produce an "A" pattern, where most of the satellite DNA is reduced to fragments the length of the repeat unit. Enzymes whose sites are present in only a few percent of the family members produce a "B" pattern, where the satellite DNA is reduced to fragments ranging in size from the undigested satellite DNA to the length of the repeat unit. Enzymes whose sites are absent from essentially all of the repeat units leave the satellite DNA undigested, which is easily distinguishable from both A and B patterns.
The consensus sequence was searched using the programs DOTMAT and SHRTSQ.
The numbers of actual and potential (one mismatch allowed) sites found for several enzymes are shown in Table 1 . The programs also listed the positions of the sites (not shown). As the table shows, there is a good correlation between the digestion patterns «"H the number of actual and potential restric- yr Underlines indicate mismatches.
-Fragment of X rif 18 from which the rrnB-containing plasmid was derived. This sequence occupies positions 1 through 370, as published in (11) .
-23S RNA occupies positions 3A99 through 6403, as published in (11) . To assess the significance of the CATCAAAT sequences in the termination regions of the rrnB operon, it is important to know how often CATCAAAT and closely related sequences [i.e., those identical except for 1 mismatch; see (5) ] are present in the operon.
As Table 2 shows, using the programs DOTMAT and SHRTSQ we found seven CATCAAAT-type sequences: 2 with 1 mismatch each were present in the \ DNA fragment present in the rrnB clone, and 5 were in the rrnB operon. Of these, 2 were the expected ones near the normal termination sites, and the other 3 (1 exact match, 2 containing 1 mismatch each) were present in the 23S RNA encoding region of the operon.
The chances of finding five CATCAAT-like sequences in the 1,700 bp 3' region of the rrnB operon is about 1 x 10 , indicating a very strong bias for these sequences in this region of the operon. Since these sequences must be considered a general feature of this region, it will require further analysis to determine whether CATCAAT has a specific function such as in ribosomal RNA termination, or whether the CATCAAAT-like sequences simply reflect ancestral duplications in this region of the gene [see (11) ].
